Introduction
Multi-coefficient correlation methods [1] [2] [3] [4] [5] [6] (MCCMs) have proven to be a very efficient means for the computation of thermochemical properties. MCCMs use a linear combination of ab initio wave function methods to extrapolate to the exact nonrelativistic Born-Oppenhiemer solution to the Schrödinger equation. Many MCCM methods, such as multi-coefficient QCISD 6 (MC-QCISD/3), multi-coefficient G3 6 (MCG3/3), G3-Scaled 5, 6 (G3S/3), G3S-Extended 7 (G3SX), and reduced-order G3SX 7 (G3SX(MP2) and G3SX(MP3)), use a large one-electron basis set for uncorrelated and less-correlated components (Hartree-Fock (HF) and Møller-Plesset (MP) second-order perturbation theory 8 (MP2), respectively) and a small one-electron basis set for components that include a large amount of electron correlation (quadratic configuration interaction with single and double excitations 9 (QCISD), and QCISD with quasiperturbative triples, 9 QCISD(T)).
Current MCCM methods utilize previously constructed basis sets, and simultaneously extrapolate to full electron correlation and a complete one-electron basis set. Although larger basis sets usually give more accurate energies in single-level approaches, there is no guarantee that a linear combination of energies will improve as one improves the basis sets. Previous studies 10 have noted that an arbitrary improvement of one of the basis sets in a MCCM can lead to an inferior method, even when the extrapolation coefficients are re-optimized for the new basis set. In fact, this phenomenon was pointed out 11 years ago in the context of scaling all correlation energy (SAC), where it was emphasized that a basis set useful for such extrapolation must be "correlation balanced." With this in mind, in the present article, we developed three new MCCM methods that employ a new basis set designed to have optimal extrapolation
properties.
Previous studies 6, 12 have show that the QCISD level of electron correlation is a minimal level for achieving reliable extrapolations of the electron correlation energy, and this work led to the development of MC-QCISD. 12 Extrapolation with lower levels such as MP2 and fourth-order MP perturbation theory with single double and quadruple excitations (MP4(SDQ)) is more accurate and less expensive than not extrapolating, 2, 6, 13 but it is not as reliable as extrapolation methods that include at least one calculation with QCISD or better. 6 ,12,14 MC-QCISD has been shown to be a highly efficient MCCM method, and this is why it is the starting point of the new method developed here.
However, it is well known that there are some cases [15] [16] [17] [18] where coupled cluster theory with single and double excitations (CCSD) performs significantly better than QCISD.
Therefore we also report a version of the theory in which the coefficients are optimized for CCSD instead of QCISD.
Section 2 discusses the experimental database used, Section 3 describes the optimization of the new method and basis set, Section 4 gives the results and discussion, and Section 5 is a summary.
Methods and Experimental Database
The theoretical methods used in the present study include HF, MP2, MP fourth- LiO, 30 BC, 42 NaH, 43 LiF, 30 LiOH, 35 BeO, 44 MgH, 30 BeF, 45 BeOH, 46 BO, 47 AlH, 48 BF, 30 FO, 35 LiCl, 30 NaF, 35 NaOH, 44 MgO, 44 PC, 49 AlO, 50 BeCl, 35 MgF, 35 kcal/mol. We updated the D e for C 2 F 4 to be the average of two experiments. 35, 60 To aid in the accurate prediction of D e for CCH and MgCl we optimized a general scaling factor for fundamental frequencies to obtain accurate ZPEs. Table 1 gives the anharmonic ZPE 2 and the ZPE predicted by four other methods. The scaling factor for MP2/cc-pVDZ ZPE was found in a previous study 2 and has been used for many data in Database/4. However, for some systems, especially those with high spin contamination, the MP2/cc-pVDZ frequencies are much higher than experiment.
Therefore, we optimized a scaling factor that relates experimental fundamental frequencies 2 to the anharmonic ZPE. The scaling factor we obtain is 1.021. Using this new scale factor and the experimental fundamental frequencies 35 is not zero by symmetry; these atoms, ions, and molecules found in Table 2 . (Therefore, spin-orbit contributions are not removed from the database values.) The spin-orbit coupling values in Table 2 come from previous collections. 
Optimization of the New Method
The structures used here for all systems are geometries optimized by QCISD/MG3. Although we choose to use these geometries for all calculations in this paper, this level of theory is not an intrinsic part of the new method developed here.
These geometries were chosen to adequately assess the electronic energies of different methods without the need to embark on a lengthy interpretation of the effect of cancellation of errors that can occur when using lower-level geometries. All results in this article, including those obtained with G3SX, G3SX(MP3), and G3SX(MP2), will use the QCISD/MG3 geometries. We use the convenient shorthand notation //QM when necessary to specify this geometry to avoid confusion; this is required only for methods that are standardly defined to use other geometries.
In all cases, calculations are based on the lowest-energy geometry (conformation).
For example, for n-butane we use the trans conformation (not the gauche).
The new methods developed are based on MC-QCISD/3. Figure 1 illustrates the basis sets and levels of theory used in a MC-QCISD/3 calculation. The corresponding energy expression for MC-QCISD is (1) where we use the pipe notation ("|") introduced elsewhere 14 to describe the energy differences that are scaled. The new BMC-QCISD method developed here differs from MC-QCISD/3 in three respects. First, it uses a modified extrapolation scheme which scales the MP4(SDQ) energy increment separately, as shown in figure 2 . Second, it replaces the MG3S basis with the MG3 basis. Finally, it uses a new basis set named
6-31B(d) in place of 6-31G(d). The energy expression for BMC-QCISD is given in Equation 2
:
The new method, named BMC-QCISD, uses the same number of extrapolation coefficients as MC-QCISD. The coefficient c H comes from Equation 3:
where E H is the energy for hydrogen atom. for atomization energies (8) where N EA is the number of electron affinity data, N IP is the number of ionization potential data, N BH is the number of barrier height data, and N AE is the number of atomization energy data. Thus the objective function places 33% weight on bond energies, 33% on barrier heights, and 17% each on ionization potentials and electron affinities. The optimized basis functions for the 6-31B(d) basis set are listed in Table 3 , and the scaling coefficients are in Table 4 . The exponents for the basis functions were optimized simultaneously with the four extrapolation coefficients. The basis functions were optimized using a genetic algorithm, and the optimal extrapolation coefficients (c 1 , c 2 , c 3 , c 4 ) were found at each step from the solution to the system of linear equations that minimize the error expression. Each basis function was allowed to vary by as much as a factor of 2 from its corresponding coefficient in the 6-31G(d) basis set. After we were satisfied that the genetic algorithm was converged, the parameters were varied to confirm that it was a minimum.
A very similar theory to QCISD 9 is CCSD. CCSD 63, 64 includes all of the interactions of QCISD and a few additional interactions that have a minimal effect on the cost. 65 In fact, QCISD may be viewed as an approximation to CCSD. A main advantage of QCISD over CCSD in previous work was the wider availability of analytic gradients for QCISD than for CCSD. Because low-cost analytic gradients at the CCSD level are now more widely available, we wanted to use this theory as the basis for a method very similar to BMC-QCISD. The new method replaces QCISD with CCSD, and replaces MP4(SDQ) with MP4(DQ). The new method, called BMC-CCSD, is illustrated in Figure 3 . The four scaling coefficients are optimized for this method and are given in Table 4 . The coefficients are defined by:
BMC-QCISD and the BMC-CCSD methods use both the 6-31B(d) basis set which uses Cartesian (6D) polarization functions and the MG3 basis set which uses spherical (5D,7F) polarization functions. To allow the BMC-CCSD method to be calculated using only Cartesian polarization functions, we also include the Cartesian variant BMC-CCSD-C where we replace the spherical harmonic d and f functions in MG3 with Cartesian (6D,10F) polarization functions. The scaling coefficients for this method are also in Table 4 .
Results and discussion
To compare the relative cost of most methods discussed, we quote the sum of the CPU times to calculate a single-point energy, single-point gradient, or single-point Hessian (as stated in each case) for the two molecules, 1-phosphinopropane and 2,2-dichloro-1-ethanol, with a single 500 MHz R14000 processor on a Silicon Graphics Origin 3800, normalized by dividing by the sum of the times for MP2/6-31G(2df,p) gradient calculations on the same two molecules with the same program on the same computer. In a few cases the times were computed on other computers but since they are normalized on the same computer on which they are computed, the times are comparable.
The CPU times for CCSD gradients and Hessians were found using GAUSSIAN03, 25 and all other times were calculated with the GAUSSIAN98 electronic structure package.
First we comment on the new exponent for the 6-31B(d) basis set. Table 2 shows that for 13 out of 15 cases the sp exponent is lowered. This corresponds well with previous suggestions that the valence portion the 6-31G(d) basis set is not diffuse enough. 66, 67 The largest change in the d exponents is for P, where the polarization function gets much tighter; this too is in agreement with a previously noted 68 deficiency in the 6-31G(d) basis set. We note that the 6-31B(d) basis set, despite that fact that it was motivated by the desire to have better correlation energy balance 11 in MCCM calculations, was also found to have better performance than 6-31G(d) in correlated single-level calculations by wave function theory. Thus it seems that the new basis set represents a general improvement over the 6-31G(d) basis set. Table 5 give the errors for MP2, MP4(SDQ), QCISD, and CCSD using the 6-31G(d) and 6-31B(d) basis sets. For all four methods, the errors in AEs, IPs, and EAs are decreased going to the 6-31B(d) basis set. Also, in all four methods the error in BHs increases slightly. The average error over Database/4, averaged over these four methods decreases 22% going to the 6-31B(d) basis set. The 6-31B(d) basis performs well in terms of the experimental properties calculated in the present study, but it should be used with caution for predicting any properties for which it has not been tested. We note that the exponents of the new basis functions do not follow the typical patterns found in many basis sets, such as a monotonic increase in the exponent from left to right of the periodic table.
Next we consider the performance of the new MCCM methods. Table 6 shows that BMC-QCISD has a 24% lower average error than MC-QCISD/3. The error is lower in all categories in Table 5 when compared to MC-QCISD/3. BMC-CCSD further improves upon this and has a 27% lower average error than MC-QCISD/3. BMC-CCSD has a lower error than MCG3/3 for EAs and BHs, and slightly higher errors for IPs and AEs. At a glance, MCG3/3 might appear obsolete, however it is still useful for those cases where one trusts the results more when they are computed by extrapolating from higher-level components; this could be the case for unusual molecules. Compared to BMC-CCSD, G3SX(MP2)//QM is much more expensive and has higher error in all four categories, while G3SX(MP3)//QM and G3SX//QM have much higher cost and slightly lower error. If we use the weighted error (which puts less emphasis on electron affinities and ionization potentials), G3SX(MP3) has 1% lower error than BMC-CCSD, and G3SX
has an error that is 15% lower. The version of BMC-CCSD where we use only Cartesian polarization functions (BMC-CCSD-C) has approximately the same errors as the version that uses spherical harmonic functions for the larger basis.
The maximum errors (also shown in Table 6 Although the combination of terms chosen to be included in CCSD(T) performs well for the first two rows, it can fail dramatically when applied to transition metal bonds and other systems that require a multi-reference description 69, 70 . Similarly, one should be cautious about using MCCM methods on systems which are very different from the systems tested.
To confirm that the results are reasonable, it is instructive to examine the individual terms in the MCCM expression more closely. As an example, we present such an analysis for BMC-CCSD, although similar conclusions can be drawn for all three new methods. In Equation 9 , the first, third, fifth, and sixth terms comprise the small basis set contributions to the BMC-CCSD energy, and this will be referred to as BMC-SB. In Table 6 we compare the correlation energy, singlet-triplet splitting, and electron affinity of CH 2 as calculated by FCI, BMC-CCSD, and all the component calculations of BMC-CCSD. Although the coefficients in BMC-CCSD are optimized to simultaneously to extrapolate both the basis set and the correlation energy, the BMC-SB energy is similar to the FCI/6-31B(d) energy. The BMC-SB calculated value for both the T e and EA is very close to the FCI/6-31B(d) result, although the BMC-SB result is closer to experiment in both cases. In the three systems examined, the BMC-SB correlation energy is 5.0% + 0.3% larger than FCI. This appears very reasonable because as mentioned before the BMC-SB group of terms includes some additional correlation energy associated with the extrapolation to complete configuration interaction. Note that the BMC-SB group of terms does not attempt to extrapolate to the FCI with the 6-31B(d) basis set. It is only part of an extrapolation to full configuration interaction with a complete basis.
As mentioned earlier in this article as well as previous work, 6, 12 extrapolations that include at least one component at the QCISD (or higher) level perform significantly better than those with only lower levels of correlation. A simple explanation for this can be seen by the convergence of the correlation energy for the three systems in Table 6 .
Valence MP2 perturbation theory accounts for only 80% of the FCI correlation energy compared to 98% captured by QCISD or CCSD (the latter is shown in Table 6 ). It is intuitively obvious then that methods using QCISD or CCSD and extrapolating the remaining 2% of the correlation energy will tend to have greater accuracy than methods attempting to extrapolate 20%.
Faced with a daunting array of extrapolation procedures available, [1] [2] [3] [4] [5] [6] [7] 12, 14, 26, some researchers simply choose an additive approach to estimate a large-basis-set ab initio calculation. In this approach, one performs a large basis set calculation such as MP2/MG3 and adds a high-level unscaled correlation contribution such as CCSD/6-31B(d) -MP2/6-31B(d). The sum of these two terms is an attempt to approximate a CCSD/MG3 calculation and it is equivalent to setting all the coefficients of the BMC-CCSD expression in Equation 9 to 1.0. For the tests in Table 6 , this unscaled method has errors of 1.45 and 5.5 kcal/mol compared with the BMC-CCSD errors of 0.91 and 1.8 kcal/mol. The unscaled method is far less accurate than BMC-CCSD; however the cost is essentially the same. For the test in Table 5 , this unscaled method has an average error of 3.89 kcal/mol and a weighted average of 3.93 kcal/mol.
Thus scaling is preferable to addition.
Summary
The new BMC-QCISD and BMC-CCSD methods presented in this article are shown to be very efficient new MCCM methods. The BMC-CCSD method is especially efficient, and BMC-CCSD results can be easily calculated with many electronic structure packages.
The 6-31B(d) basis set is available in several formats at the website:
http://comp.chem.umn.edu/basissets, and a program, MULTILEVEL, that serves as a front end for ACESII, 95 GAMESS, 96 or GAUSSIAN 24, 25 to carry out the methods in Table 5 is also available on the website http://comp.chem.umn.edu/multilevel. 
